One of the main limiting factors when a green field pulp mill intends to increase its production is the capacity of the Tomlinson boiler by which the cooking chemicals are recovered. Since a boiler of this kind has a service life of some thirty years and represents a substantial investment, it is not an easy decision to replace it for a minor production increase. This study takes a novel approach to the problem. The excess black liquor is assumed to be recovered in a black liquor gasifier, an emerging technology for alternative black liquor recovery. Black liquor gasification in itself has been studied considerably during the last decade. In this study it is combined with the gasification of biomass, i.e. bark and wood, which is already available at a pulp mill. The resulting hybrid energy system, with a gas turbine and a gas expander, offers interesting possibilities: good offdesign performance and high efficiency with respect to the fuel quality.
BACKGROUND
Following the referendum in 1980, it was decided by the Swedish Parliament that all nuclear power would be phased out from the nations energy supply system by the year 2010. That deadline has been pushed forward into the future, but there remains a need for novel ways to generate power. As hydro power is exploited nearly to its full extent already and fossil firing is ruled out for environmental reasons, the most promising candidate is biomass firing. The industrial structure of Sweden makes this fuel an interesting option. The pulp and paper industry, for many years the backbone of Swedish industry, is already a major user of biomass in the form of black liquor, waste wood and bark. In 1995, biomass contributed around 38,6 TWh of a total of 65,7 TWh of energy used in the pulp and paper industry in Sweden ( Energilaget 1996) . Therefore it is logical to try to increase the use of biomass for power production in this particular sector, since the necessary fuel handling equipment is already built and the fuel is already available at a pulp mill. From a national viewpoint, use of indigenous fuels lowers the need for imported fuels and creates jobs in rural areas.
Pulp mills are sometimes faced with a serious problem resulting from an increased pulp production, namely, the inability to recover all the black liquor produced. Black liquor is the kraft pulping liquid which contains valuable cooking chemicals and dissolved substances from the wood raw material. It is classified as a renewable biomass based fuel and better utilization of it is favored. The black liquor is combusted in a special type of boiler called Tomlinson boiler primarily to recover the cooking chemicals, but also to produce process steam and power. This is done using a conventional Rankine steam turbine cycle. Thermal efficiency is generally poor, 15 % is seldom exceeded. The boiler is large in size, represents a substantial investment and has a service life of thirty years or more. Therefore, it is understandable that it acts as a bottleneck if pulp production is to increase beyond design capacity.
The objective of this study is to investigate how to increase biomass based power production and simultaneously deal with insufficient black liquor recovery capacity. The study is based on the following scenario: a pulp mill with a. capacity of 1160 t market pulp/day intends to increase its production to 1320 t market pulp/day. The existing Tomlinson recovery boiler is operating at maximum recovery capacity and has a long remaining service life ahead. The mill is also equipped with a bark boiler. See FIGURE 3. Steam produced by both boilers is led into a condensing turbine producing power and process steam. The use of condensing turbines is rather unusual however, today most Swedish pulp mills have only back pressure turbines. The amount of power produced is extrapolated from data provided by Larson (1997) for a mill of (1996) .With the enlargement, the flow of black liquor increases from 95 t DS/h (75 % dry substance content) to 108 t DS/h (75 % dry substance content) but as stated the additional black liquor must be recovered by other means than the Tomlinson boiler. This is done using a small retrofit black liquor gasification unit, BLG. Contrary to contemporary studies, the low-Btu gas from the gasifier is combusted in a duct burner instead of in a gas turbine and the exhaust is led to a one-pressure heat recovery steam generator, HRSG, for combined heat and power, CHP, production. The condensing turbine is converted into a back pressure turbine for CHP production. Also, the bark boiler is replaced with an airblown biomass gasifier, BIG, operating at about atmospheric pressure. The product gas is combusted in a gas turbine and the exhaust is used as preheated air in the duct burner, see FIGURE 4. 
MODELLING THE PROCESS
Four cases are simulated for the hybrid energy system shown in FIGURE 4: • the reference case, which represents the normal operation of the BLG and the BIG.
• the low heat demand case, where no steam is drawn from the steam turbine as process steam. All steam is used for power production The remaining two cases are off-design cases:
• the BLG suffers a malfunction and gets off line.
• the BIG suffers a malfunction and gets off line. Equipment assumptions for the various unit operations in the hybrid energy system are shown in TABLE 2. The individual unit operations will be described in detail.
The black liquor gasifier BLG
The black liquor gasifier in this study is a Kvaemer Chemrec airblown atmospheric gasifier. At present, one unit of this kind has been built at the Frovi kraft mill in Sweden (100 t DS/day) and one is situated at New Bern (350 t DS/day) in the US (Stigsson, 1996) . Recently, the Swedish pulp manufacturer AssiDoman decided to build the worlds first full-sized, pressurized, oxygenblown black liquor gasifier in PiteAA in northern Sweden (NUTEK, 1997) . The BLG in the hybrid energy system studied would have a capacity of 312 t DS/day. The gasification in itself is not simulated since the purpose of this study is to investigate the hybrid energy system, not the gasification. The motive not to fire the black liquor synthesis gas in the gas turbine is to avoid the need for high performance gas cleaning. The cooking chemicals in the black liquor contain large amounts of sodium, which must be kept away from the sensitive gas turbine expander blades. The amount of fine dust in raw synthesis gas is unacceptably high for use in a gas turbine. Therefore expensive hot dust cleaning is needed. On the other hand, a duct burner is less sensitive to sodium and other fine particulates present in the synthesis gas, making the hot gas filter unnecessary.
The BLG is treated as a "black box" in the simulation. Only the parts that interact with the rest of the system are included such as compressors, heat exchangers and steam generators where process steam is raised. Data on the Chemrec gasifier is provided by Kvaerner via Nasholm (1996) . The gasifier is described in more detail by the same author.
The biomass gasifier BIG
The biomass gasifier is a Termiska Processer AB (TPS) atmospheric gasifier operating at 900 °C. TPS of Nykoping, Sweden, is a small Swedish development company specializing in biomass gasification technology. A 12 MW TPS gasifier using refuse-derived fuel is operational at Greve-in-Chianti, Italy (Yan et al., 1997) . In the same way as stated above, the biomass gasifier is modelled as a `black box". The input flow of wet biomass (50% moisture content) is dried to 15% moisture content with hot flue gas prior to gasification. Heat generated by the gasification process is used to raise high pressure steam for the CHP-plant and process steam for the pulp mill. Data on the gasifier is provided by TPS (ENERGY FROM BIOMASS, 1995).
The gas turbine
The gas turbine is modeled based on a standard General Electric LM2500 PE 50 HZ. The model is taken from the gas turbine library in GateCycleT"' and modified. The pressure ratio and the turbine geometry is unchanged but the flow of combustion air is reduced to 40 kg/s. This is due to the low heating value of the gasified biomass product gas. More than 60 mole% of the product gas is inert gas, so in order to increase the turbine inlet temperature, TIT, to a reasonable level, the airflow is reduced. With 40 kg/s of air, the T1T is 1177°C. The total flow of gas entering the gas turbine expander is 49,2 kg/s when gasified biomass gas is used.
The duct burner
The syngas from the BLG is combusted with the gas turbine exhaust as the oxygen source. The resulting flue gas has a temperature of 900°C when leaving the burner. This temperature is the practical maximum inlet temperature for auxiliary fired HRSGs (Ganapathy, 1991) .
The HRSG unit
The Heat Recovery Steam Generator, HRSG, is a simple one pressure unit producing 20,2 kg/s of superheated steam (105 bars, 540°C). After the boiler feed water (BFW) heater, the water flow is split into two different streams and 3,2 kg/s is drawn from the main flow and led to the HP-STG steam generator connected to the BIG. The remaining 17 kg/s is led to the HRSG unit where it flows trough the economizer and the steam generator. The two streams reunite prior to the superheater and they are heated to the final temperature together.
The CHP plant
The turbine set consists of three turbines (HP, IF and LP respectively) with extractions at 3, 5 and 12 bars for heat production. The unit is modelled based on the existing CHPplant in the city of Enkoping, Sweden, with similar performance and steam data.
T he Tomlinson boiler and the back pressure turbine
The mass flow of steam generated in the Tomlinson boiler, 319,5 t/h, is unchanged by the installation of the hybrid energy system. The omission of the bark boiler and the higher exit pressure, 3 bars, from the turbine reduces the power output from 47,9 MW to 35,6 MW. The change from a condensing turbine to a back pressure turbine is necessary, since the steam produced by the Tomlinson boiler is only enough to cover part of the process steam demand and the entire sootblow steam demand.
RESULTS
The simulation is performed using GateCycleTM, a program package by Enter Software. Input data is shown in TABLE 3. Process and sootblow steam is assumed to be saturated. All pressures are absolute pressures. Steam production is calculated using a minimum pinch point of 20 °C between gas and liquid phases in the steam generators. The studied cases are numbered as follows:
1. The original black liquor recovery system and bark boiler 2. Hypothetical status quo case. 3. The reference case for the hybrid energy system. 4 The low heat demand case for the hybrid energy system. 5. The BIG malfunction case for the hybrid energy system. 6. The BLG malfunction case for the hybrid energy system.
In the first case, no simulation is needed. The performance of the original system, shown in FIGURE 3., is taken from TABLE 1. The power output and the steam production for the original system is extrapolated to match the increased flow of black liquor and biomass after the enlargement of the pulp production. This case is called "hypothetical status-quo case" and it is used for comparison only. The power output in this case is 54,7 MW. In the reference case, the hybrid energy system and the modified recovery system shown in FIGURE 4 is simulated. In the offdesign cases, the calculated surface area from case number 3 is kept constant while all other parameters are subject to change. In the low heat demand-case, some surplus process steam is produced in steam generators connected to the BIG and BLG compressors and the hot black liquor synthesis gas exiting the gasifier. For the BIG malfunction-case there is a slight steam deficit for 3 and 5 bar steam and very low power production. Apart from this, the mill should be able to operate at full capacity.
In case of BLG breakdown it is assumed that pulp production is lowered to 1160 t/d. Usually a pulp mill has a short-term buffer against interruptions in black liquor recovery, but in this case the BLG breakdown is presumed to be longterm. Steam is produced by cooling of the hot gas exiting the FUELI compressor in the biomass gasifier unit. The gas turbine and the HRSG are operated as a cogeneration plant. The higher net power output from the gas turbine in this case is due to the fact that the air compressors BLGI and BLG2 in the BLG are not operating for the moment. The results are shown in TABLE 4 and FIGURE 1 and FIGURE 2. 
DISCUSSION
From a pulp and paper industry viewpoint, production of pulp and paper is the primary mission, while power generation is of secondary importance. It is therefore noticeable that in all studied cases with a hybrid energy system instead of a conventional one, the process steam demand for the pulp mill is satisfied at all points of operation, except when the biomass gasifier suffers a malfunction. The introduction of the hybrid energy system, with black liquor gasification as a unit operation, enables an increase in pulp production as planned.
'turbine turbine The thermal efficiency of the hybrid system is 33 % for the reference case based on the LHV for the gasified fuels shown in TABLE 3. Compared to modem gas turbine combined cycle plants, with efficiencies up to nearly 60 % this might seem as mediocre performance. It should be kept in mind though, that the fuel used is difficult to refine to such a degree that it can be used in a gas turbine and that it has a low heating value. Secondly, comparing the efficiency of the Tomlinson boiler and the steam turbine cycle to the efficiency of the hybrid energy system, the potential of the gas turbine in the pulp and paper industry is demonstrated. For a 12 % increase in fuel input to the pulp mill, the conventional Tomlinson boiler with a steam cycle can deliver only 6,8 MW more power, whereas the hybrid energy system, thanks to its gas turbine, can deliver 13,3 MW more power. This will make gas turbines an interesting option for pulp mills when biomass and black liquor gasification reaches full scale commercial breakthrough. The hybrid energy system is restricted in many ways, since it has to fit in an existing energy system with certain demands. The decision not to use black liquor synthesis gas in the gas turbine also limits the power output of the system. Still, it performs well. In order to significantly increase the power output of a pulp mill, gasification of all the black liquor in an IGCC is needed. This has been studied by Nasholm and Westermark, (1996) . For a pulp mill with equal flow of black liquor, 108 t DS/h, a power output of 96,6 MW is reported. This does not include gasification of biomass, like in this study. The total power output for such a combined system would be 122,2 MW.
